Laser two-color heterodyne interferometry is a proven method to measure electron density in fusion plasmas. Though only used in tokamaks with high electron densities, the idea of also using two-color laser interferometers for stellarators and small machines to replace far-infrared laser interferometers is being proposed. This will lead to low-cost, reliable, and easy to operate diagnostics for electron-density measurements. In this article, we present the interferometric experiments we have used for calibration of a two-color laser heterodyne system for electron-density measurements in the TJ-II stellarator. These experiments have been based on the use of a novel interferometric scheme: the heterodyne/homodyne interferometer. Finally, we describe the interferometer we have installed in the TJ-II stellarator and present the first results on mechanical-vibration subtraction and electron-density measurements with a two-color laser interferometer in a stellarator ͑TJ-II, Madrid, Spain͒.
I. INTRODUCTION
Laser two-color heterodyne interferometry is a proven method of measuring electron density in fusion plasmas. 1 Nevertheless, these kinds of systems, which mainly use infrared sources as the measurement wavelength (CO 2 , m ϭ10.6 m), have two important characteristics that have to be addressed when being used for plasma-density diagnostics. The first one is related to the small phase shift induced by the plasma in the interferometric signal, which is proportional to the wavelength of the laser source ( m ). The second one is concerned with the high level of the mechanicalvibration-induced phase shift in the interferometric signal. The latter is proportional to 1/ m and has to be compensated with the help of a second wavelength ( c ) that travels along side to the measurement wavelength. Due to the former conditions, these two-color interferometric systems have only been installed in big ͑high-density, n e Х10 20 -10 21 m Ϫ3 ͒ tokamaks, 2 while the standard technique for electron-density measurements in stellarators is far-infrared ͑FIR͒ laser-based interferometers. 3 Despite this, the idea of also using two-color laser interferometers for stellarators and small machines to replace FIR laser interferometers has only recently been under study. 4 The objective is to have a low-cost, reliable, and easy to operate diagnostic for electron-density measurements in these machines instead of the more difficult to handle FIR systems. Therefore, this article presents the first results of a two-color laser interferometric system that has been installed in the TJ-II stellarator ͑Rϭ1.5 m, aϽ0.22 m, Bϭ1 T͒. 5 The interferometer uses CO 2 ( m ϭ10.6 m) and He-Ne( c ϭ633 nm) laser beams traveling along the same 9 m path for vibration subtraction along with acousto-optic modulation for heterodyne detection. In this machine, maximum phase shifts in the order of 1/25 of a CO 2 fringe ͑equivalent to /12 rad͒ are expected due to the low electron density during its first phase of operation ͓electron cyclotron resonance ͑ECRH͒ heating, n e Х10 19 m
Ϫ3
͔, and a resolution of 10 Ϫ3 of a fringe is desirable. It is important to note again that this small phase shift due to the electron density will be superimposed onto a total mechanical-vibration-induced phase shift of several CO 2 fringes ͑several times 2 rad͒.
The article is organized as follows. We will start Sec. II with the study of the heterodyne/homodyne interferometric system that we have used for the calibration of a heterodyne interferometer for electron-density measurements in lowdensity machines. This heterodyne/homodyne interferometer has been used to measure the ultimate resolution of heterodyne interferometers by comparing it to a standard homodyne interferometer. In this section, first we will include, a description of the optical setup second, the phase detection electronics we have developed for the heterodyne system and which will be used for the two-color (CO 2 -HeNe) interferometer to be installed onto the TJ-II, and last, the signal processing we need in order to retrieve the phase information from both interferometers.
In Sec. III we will describe the two-color laser interferometer for electron-density measurements in the TJ-II stellarator. In Sec. IV we will conclude the article with some discussion.
II. CALIBRATION OF HETERODYNE SYSTEMS FOR SMALL PHASE DISPLACEMENTS
As mentioned earlier, the main drawback when using IR laser-based two-color laser heterodyne interferometry for electron-density measurements in small machines is the small phase shift induced in the interferometric signal by the plasma electron density. This explains the need for careful calibration of the heterodyne interferometer versus these small phase shifts. Therefore, we have implemented a new interferometric scheme to carry out this study: the heterodyne/homodyne interferometer. This system will not only be used to calibrate the heterodyne system versus a homodyne one, but will also allow us to characterize the detection system for the final interferometer.
A. HeterodyneÕhomodyne interferometric system setup
The schematic diagram in Fig. 1 shows the interferometric system under study. This system consists of two interferometers, one heterodyne ͑Mach-Zehnder͒ and one homodyne ͑Michelson͒ that share the same measurement arm. The length of this common arm is controlled by a piezoelectric transducer ͓͑PZT͒, Fig. 1͔ to study the response of both systems to a known stimulus.
This system works as follows. 4 The output of a 5 mW He-Ne laser (ϭ633 nm), used as a light source, enters an acousto-optic modulator ͓͑AOM͒, modulation frequency 80 MHz͔, which splits the incoming beam into the zeroth and first order, thus acting as a beamsplitter ͑BS͒ for the heterodyne system while providing the frequency shift between both beams. The undiffracted beam from the laser enters a Michelson interferometric scheme formed by beamsplitter BS1 and mirrors M2 ͑reference arm mirror͒ and M4 ͑mea-surement arm mirror͒. Detection is carried out in detector 1 ͑a broad-area Si PIN͒.
The heterodyne system is also shown in Fig. 1 together with this homodyne interferometer. This is a modified Mach-Zehnder scheme with a measurement arm formed by BS1, M4, and BS2, while M2 and M3 complete the reference arm. Recombination is carried out on beamsplitter BS3, while detection is performed in detector 2 ͓Si avalanche photodiode ͑APD͔͒. Both interferometers are kept as close as possible to the zero path difference by careful adjustment of mirrors M2 and M3.
In this setup the signal at the output of detector 1 is
where I 1 is the signal intensity in the detector, I 0 is the mean intensity of the light in the detector, r1 is a fixed phase shift accounting for the initial path difference, and PZT is the phase shift induced by the displacement ⌬1 of the PZT along the direction perpendicular to the mirror surface under a driving voltage. On the other hand, the output signal at detector 2 is
where again I 2 is the signal intensity at the detector; ao ϭ2 f ao , where f ao is the modulation frequency of the acousto-optic modulators; I 0 is the mean intensity of the light in the detector; and r2 is a fixed phase shift accounting for the initial path difference. Note that the phase information due to the PZT movement should be the same in both channels as r1 and r2 are kept fixed at a constant value. In the heterodyne system the phase information appears with a constant modulation frequency determined by the AO modulator driving signal ( f ao ). Very different procedures are carried out in order to recover the phase-shift information from both interferometer output signals. The signal from the homodyne interferometer ͓see Eq. ͑1͔͒ is directly converted into a 10 bit digital signal with the aid of an analog-to-digital ͑A/D͒ converter and then stored in a PC. Due to the nature of the signal from the heterodyne interferometer ͓see Eq. ͑2͔͒, we cannot use the same method, and the phase information is recovered by comparing the output of the heterodyne interferometer with the Bragg cell driving signal. This is done with a phase detection system specially designed for this application, which will also be used for the TJ-II IR interferometric system.
The heterodyne interferometers for plasma measurements require phase detection systems with wide measurement ranges where fringe-counting techniques are needed and also fractional fringe measurements with a resolution of 10 Ϫ3 of a fringe are common. 4 So, our phase detection system for the heterodyne interferometer needs a wide measurement range ͑the mechanical vibrations expected are in the order of many fringes͒. At the same time it needs to maintain high subfringe resolution for correct measurement of the electron densities predicted for the TJ-II stellarator. These two constraints gave rise to the design of a special phase detection system.
In Fig. 2 , the block diagram of the phase detection electronic system is shown. The signal at the output of the APD is first amplified to fix the signal-to-noise ratio ͑SNR͒ and then filtered before being mixed with a local oscillator ͓͑LO͒, converted sample of the acousto-optic driving signal. There are two reasons for using an intermediate frequency ͑IF͒ for phase detection. First, we can take advantage of the lower frequency to decrease the speed requirements of the electronic devices used in the system, and second, we can use the same phase detector for different modulation frequencies only by properly changing the local oscillator frequency. Its worth noting that this is the case when we use two different modulation frequencies for the He-Ne and CO 2 lasers in the TJ-II laser interferometer. 4 The IF stage at 1 MHz is common for both channels ͑the measurement channel from the APD, and the reference channel from the modulating signal͒ and consists of a low-pass filter which rejects unwanted harmonics at the output of the mixer, and an amplifier to reach the voltage levels needed at the input of the phase detector ͑Fig. 2͒. The correct design and characterization of this electronic chain from the point of view of noise is crucial in order to obtain the desired resolution. If we want to have resolution in the range of 1/1000 of a fringe with a zero-crossing phase detector we would need a SNR of at least 40 dB at the input of the phase detector. 7 The phase detector block ͑see Fig. 2͒ has been designed to operate at the intermediate frequency of 1 MHz. It has a wide measurement range that covers from Ϫ128ϫ2 to 127ϫ2 with a resolution of 1/1000 of a fringe, to match the requirements for the TJ-II electron-density measurement accuracy. Details of this dedicated phase detector can be found elsewhere. 6 In order to compare the output of both interferometers under a stimulus, the total accumulated phase shift has to be extracted from the digital data stored. The total phase shift for the heterodyne interferometer is given directly by the phase detection electronics, but some processing is needed for the homodyne interferometer output.
As said earlier, the signal from the homodyne interferometer ͓see Eq. ͑1͔͒ is low-pass filtered and directly converted into a 10 bit signal by an A/D converter ͑ADC͒. The phase information of this interferometer is sampled using the same clock as the heterodyne interferometer to store the phase information at the same temporal points in both interferometers. The digital data are also stored in the PC along with the data from the heterodyne phase detector. This technique allows us to use the inversion of the cosine function necessary to obtain the total phase shift measured by the homodyne interferometer ͑Michelson͒. The algorithm we have used for phase measurements has been obtained elsewhere. 
Phase measurements in the heterodyneÕhomodyne interferometer
The system is first adjusted for maximum visibility and zero path difference with the homodyne interferometer ͑Michelson, Fig. 1͒ . Once a good fringe pattern was obtained with this interferometer, the heterodyne scheme was also aligned for zero path difference. This was achieved by the careful positioning of beamsplitter BS3 and mirrors M2 and M3 ͑see Fig. 1͒ .
Once the alignment was done, we verified the correct behavior of the heterodyne/homodyne interferometer by moving the common mirror M4 with the help of a PZT ͑Fig. 1͒. We first studied the performance of both phase signals when large displacements were induced in the system. We introduced a 3 Hz, 90 V peak-to-peak saw tooth signal to the PZT in order to vary the path length of the common arm linearly and measure the total displacement detected by both interferometers ͓Fig. 3͑a͔͒. In Fig. 3͑a͒ , we show the output of the heterodyne/homodyne system once the alignment has been optimized for the heterodyne interferometer. We can observe that both signals are in close agreement with one another. The total displacement measured is equivalent to around two fringes, giving a total displacement for a He-Ne laser ͑He-Ne, ϭ633 nm͒ of about 0.6 m.
In Fig. 3͑b͒ , we show details of the output from Fig.  3͑a͒ . In Fig. 3͑b͒ , we focus on the lower part of the ramp after the PZT returns from its position of maximum displacement. We can see the relaxation oscillations of the PZT position read by both interferometers ͑0.5 rad amplitude and 125 Hz frequency͒ due to the rapid recovering of the PZT. Very close agreement is shown between both systems by obtaining the same phase measurements, which implies good alignment in both interferometers. The standard deviation of the phase error between both measurements is of the order of 7ϫ10
Ϫ3 of a fringe due to the fact that the interferometers do not share some optical elements. 
Heterodyne interferometer calibration by active stabilization of the homodyne interferometer
One of the main features of this heterodyne/homodyne scheme ͑Fig. 1͒ is that it allows us to stabilize the interferometric system by using the homodyne interferometer as an error signal and the PZT as an actuator for active stabilization of the homodyne interferometer. Thus, we are able to study the resolution of the heterodyne system ͑Fig. 4͒. This is a new improvement when trying to study the resolution of heterodyne interferometers applied to electron-density measurements.
For this reason, the method we used first involved the active stabilization of the dc system 9 to eliminate the lowfrequency thermal drifts and mechanical vibrations and lock the homodyne interferometer output ͓Eq. ͑1͔͒ at the maximum sensitivity point ͓ r1 ϩ PZT (⌬l)ϭ/2͔. Thus, we are able to guarantee constant sensitivity for small-signal modulation of the path length, which allowed us to compare the homodyne and heterodyne readings and to obtain the resolution of the interferometric system. This sensitivity for the stabilized homodyne interferometer was measured and the result was 704 mV/fringe. The test consisted of small sinusoidal modulation of the path length by introducing a small-signal amplitude of 2.5 kHz in the PZT and detecting the signals with both interferometers. As our goal is to find out the ultimate resolution of the phase measurements of the heterodyne interferometer ͑Mach-Zehnder͒ when compared to a standard Michelson ͑homodyne͒ interferometer, we used lock-in detection in the homodyne interferometer 10 to measure the minimum displacement that can be obtained with the heterodyne interferometer. The experimental setup is shown in Fig. 4 .
With the interferometer kept at this point of maximum sensitivity, we introduced a very small sinusoidal modulation of the path length with a signal generator. This 2.5 kHz signal was kept small enough to produce movement of the PZT in the nm range. Figure 5 shows the displacement measured by both interferometers versus the PZT driving voltage in the 10 Ϫ3 of a fringe range where we can see close agreement between both measurements. It is worth noting that the resolution of the heterodyne system ͑10 Ϫ3 of a fringe͒ is fixed by the phase detector ADC ͑10 bits͒. Due to this, we can make an estimation of the minimum detectable displacement assuming shot-noise-limited detection and SNR of unity. 11 In our case, and for an APD detector, we found
where we have taken into account the excess noise factor (M x ) due to the use of an APD in detection. In this formula, is the laser wavelength ͑633 nm, in our case͒, h is Planck's constant, c the speed of light, B the electronic bandwidth ͑15 kHz͒, P o the mean optical power incident on the detector ͑0.1 mW͒, M the APD gain ͑in our case, 30͒, x the excess noise figure ͑0.3͒, and the quantum efficiency of the photodetector ͑0.7͒. For our system, this gives a minimumdetectable displacement of 3ϫ10 Ϫ6 of a fringe.
III. TWO-COLOR LASER INTERFEROMETRIC DIAGNOSTIC OF THE STELLARATOR TJ-II
A. Interferometric setup Figure 6 shows the optical layout of the two-color laser interferometer ͑Michelson configuration͒ for electron-density measurements in the TJ-II stellarator. The optical components are located on an optical table ͑420 cm long and 150 cm wide͒ placed directly under the access port to the stellarator. The projection of the port is also shown in Fig. 6 . In Fig. 6 , we can see the two lasers ͑CO 2 , ϭ10.6 m, and He-Ne, ϭ633 nm͒ with their acousto-optic modulators. Modulation frequencies are 80 MHz for the He-Ne and 40 MHz for the CO 2 . The two wavelengths are put together with beam combiner BC1. At this point, both arms of the interferometer ͑the measurement arm and the reference arm͒ have both wavelengths traveling along the same optical path. The reference arm is confined in the table ͑mirrors M5-M11͒ and matches the path length of the measurement arm. The latter is sent through the port with the aid of a periscope ͑see Fig. 6͒ , reflected back by a flat-top mirror ͑fixed directly to the Stellarator structure͒, and redirected by the same periscope mirror to the beamsplitter ͑BS1͒ to combine the reference and measurement beams. Detection is carried out by using a photoconductor for the CO 2 laser and a Si APD for the He-Ne laser. 
B. First density measurements with a two-color laser heterodyne interferometer in the stellarator TJ-II
As mentioned earlier, one of the most important parameters in two-color systems is a good mechanical-vibration subtraction. The system has to be able to correct for any mechanical displacement of the optical components of the interferometer in order to obtain a good electron-density measurement. Nevertheless, in order to obtain a good density measurement we have to assure these subtraction levels along the whole pulse. The main source of mechanical movement during the pulses is the top mirror. This mirror is fixed directly to the top port of the stellarator and is the only optical component of the interferometer not fixed to the optical table. Due to the currents needed to obtain the magnetic configuration, we expected a big displacement of this top mirror during the pulses. In Fig. 7 we show the top mirror displacement measured by both wavelengths ͑Ϸ250 m͒, where the CO 2 measurement trace has been shifted from the He-Ne one by 10 m for clarity. As we can see, both channels follow the movements of the mirror in the same way, allowing us to cancel this mechanical movement and obtain the electron-density measurement.
In Fig. 8 we present the first electron-density measurements with this two-color laser heterodyne interferometer in the TJ-II stellarator by subtracting both signals in Fig. 7 be- tween tϭ0.9 s and tϭ1.4 s ͓Fig. 8͑a͔͒. The mean electrondensity measurement is compared to that obtained with the 2 mm microwave interferometer 12 ͓Fig. 8͑b͔͒. We can see a close agreement between the readings obtained in both interferometers. The mean electron density for the CO 2 -HeNe laser interferometer is obtained through the expression:
where L IR (L IR Х36 cm) is the total path length traveled along the plasma and the second term is the line-integrated density. In this second term of Eq. ͑4͒, 1 is the total phase shift measured by the CO 2 channel of the interferometer, 2 is the total phase shift measured by the HeNe, 1 ϭ10.6 m͑CO 2 ͒, 2 ϭ633 nm͑He-Ne͒, and r e is the electron radius (r e ϭ2.818ϫ10 Ϫ15 m). When comparing both readings ͓Figs. 8͑a͒ and 8͑b͔͒, we can also see that the two-color laser interferometer signal has residual mechanical-vibration information of 100 Hz corresponding to a maximum amplitude of 2ϫ10 18 m Ϫ3 ͑10 Ϫ2 of a fringe͒, which appears during the time where the plasma is created ͑0.9-1.4 s͒ due to a small misalignment of the top mirror. However, the mean electron density obtained through expression ͑4͒ is 0.9ϫ10 19 m
Ϫ3
, which is equivalent to the mean electron density of the microwave interferometer of 0.7ϫ10 19 m Ϫ3 . This small difference between the mean electron density measured with both interferometers depends on the path length traveled along the plasma for each interferometer ͑L IR ϭ36 cm and L w ϭ42 cm͒. This is verified if we take the total line density in both interferometers. For the 2 mm microwave interferometer and for the CO 2 -HeNe laser interferometer, we obtain the values of n e ϫL w ϭ0.29 ϫ10
19 m Ϫ2 and n e ϫL IR ϭ0.32ϫ10 19 m
Ϫ2
, showing a very close agreement between both measurements.
IV. DISCUSSION
In this article, we have shown the first electron-density measurements obtained from a two-color (CO 2 -HeNe) laser heterodyne interferometer installed in the TJ-II stellarator. We have obtained a mean electron density of 0.9 ϫ10 19 m Ϫ3 with this interferometer. When we compare the line-integrated electron-density measurements of the CO 2 -HeNe laser heterodyne interferometer with the 2 mm microwave interferometer, both have a value of 0.3 ϫ10 19 m Ϫ2 , showing excellent agreement between both readings.
It is important to note that these first results of the twocolor laser interferometer have been obtained during the first phase of operation of the stellarator TJ-II ͑ECRH heating, n e Х10 19 m Ϫ3 ͒. For the second phase of this machine ͓neutral beam injection ͑NBI͒ heating͔, 5 when higher electron densities are expected (n e Х10 20 m Ϫ3 ), the microwave interferometer will be of no use and the only interferometric diagnostic for plasma electron-density measurement will be the twocolor laser heterodyne interferometer.
To conclude, we have proven the possibility of using these kinds of systems for electron-density measurement not only in big machines with high electron densities, but for stellarators and low-density machines. This offers the possibility of having a low-cost, reliable, and easy to operate diagnostic for electron-density measurement in these lowdensity machines based on two-color laser interferometers, and could replace the more difficult to handle FIR laser interferometers.
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